ABSTRACT: A meta-analysis was conducted to determine the effect of microbial phytase in pig diets on digestibility and bioavailability of Cu and Zn. Studies (n = 22) into effects of microbial phytase on digestibility and plasma levels of Cu and Zn were included in a dataset and regression analysis was performed to quantify the effect of Aspergillus niger derived 3-phytase in studies (n = 14) with a maximum dietary Zn content of 100 mg/kg and a maximum Cu addition of 20 mg/ kg. Phytase inclusion increased digestibility of Zn (P = 0.003) and plasma Zn content (P < 0.001) without affecting digestibility and plasma level of Cu. Based on a comparison with dose-response studies with Zn, we estimated 500 phytase units (FTU) of microbial phytase is equivalent to 27 mg of Zn from ZnSO 4 .
INTRODUCTION
Phytic acid or its salt phytate is a naturally occurring organic complex in plants. About 60 to 80% of P in cereal grains and oil seeds is present in the form of phytic acid (Maga, 1982) . Phytate is negatively charged and binds cations, such as Ca 2+ , Zn
2+
, and Cu 2+ , thus reducing their solubility and digestibility in the digestive tract. The phytate-bound nutrients are poorly available in the digestive tract of monogastric animals due to the lack of phytase enzyme required to cleave the phytate molecule. Consequently, the majority of the dietary content of these trace elements is excreted in pig manure and contributes to accumulation in the soil. If phytic acid is hydrolyzed by microbial phytase, bound minerals are released as well and become available for absorption. In several studies, dietary inclusion of microbial phytase increased the availability of Zn and to a less extent of Cu (e.g., Lei et al., 1993; Adeola et al., 1995) . To reduce the inclusion of Zn and Cu in pig diets by accounting for the contribution of microbial phytase, a reliable estimate of the effect of phytase on their availability is required. Therefore, the aim of this study was to quantify the effect of microbial phytase on the digestibility and bioavailability of these trace elements in pig diets based on a meta-analysis of published experiments.
MATERIALS AND METHODS

Data Collection
A literature review was conducted to collect studies that determined the effect of dietary inclusion of microbial phytase on mineral availability in pigs. Only publications on the effect of phytase on Cu or Zn availability in peer reviewed journals and additional studies from our institute were included. Prerequisites were that the relevant minerals were analyzed in the experimental diets and digestibility or plasma or tissue levels of Cu and Zn were reported. The studies should include the addition of 1 or more levels of microbial phytase in addition to a basal diet. We selected 22 publications of studies with piglets and growing pigs that met these selection criteria. Some articles contained more than 1 experiment, resulting in a total of 31 experiments. In a number of experiments the Zn content in the diet was (far) above 100 mg/kg. At this level the Zn requirements of growing pigs are met and the potential contribution of microbial phytase to the Zn supply presumably would be reduced because of an oversupply of this nutrient (NRC, 1998) . Therefore, we restricted the dataset to studies with a dietary Zn content below 100 mg/kg. Only studies with a maximum Cu addition of 20 mg/kg were included, thus avoiding interference with the growth-promoting effects of a high Cu inclusion. Because only 1 of the selected studies was based on a 6-phytase, the fi nal dataset was restricted to studies using 3-phytase from Aspergillus niger and included 20 experiments in 13 peer reviewed publications and 1 additional study from our institute.
Calculations and Statistical Analysis
We calculated the digestible mineral content from the analyzed level in the diet and the total tract digestibility coeffi cients. The effect of phytase on digestible P and Ca content was also included to compare our results with published data and verify whether this dataset was representative for effects of microbial phytase in pig diets. In the statistical analysis we used the microbial phytase content as independent variable calculated as the analyzed phytase content corrected for the (intrinsic) phytase content in the basal diet.
Within experiments, blocks of treatments were created in which only the phytase concentration varied and all other factors were constant to assure that other factors would not interfere with the effect of microbial phytase. A block generally comprised 2 to 5 phytase inclusion levels. To account for the diminishing returns of incremental phytase levels on nutrient availability (Paditz et al., 2004 ) the analysis was performed after logarithmic (ln) transformation of the phytase levels to obtain linear response relationships. A REML analysis was performed with ln(phytase units [FTU] ) as fi xed term and effects of block and the interaction block/ln(FTU) as random terms. We added 1 FTU/kg to the zero level because ln 0 is not possible. Statistical analysis was performed with GenStat software (11th ed.; VSN, Hemel Hempstead, UK); P < 0.05 was considered signifi cant.
To estimate the equivalence between microbial phytase and added ZnSO 4 , we analyzed 3 dose-response studies (Jondreville et al., 2005; Revy et al., 2006; Bikker and Jongbloed, unpublished data) with ZnSO 4 in pigs with a linear-plateau model as proposed by Revy et al. (2006) . We used the procedure for broken-line regression in GenStat (R2lines) with the slope of the second phase, above requirements, set to zero. The slope between dietary Zn and plasma Zn level at dietary Zn contents below requirements was used to calculate Zn equivalence of microbial phytase.
RESULTS AND DISCUSSION
Effects of Phytase
The majority of studies were conducted in the nursery and grower phase. The inclusion level of microbial phytase ranged from 0 to 1570 FTU/kg of diet (Table 1) ; the lowest inclusion of microbial phytase was 150 FTU/ kg. Phytase inclusion improved digestibility of Ca (P < 0.001), P (P < 0.001), and Zn (P = 0.003) and plasma Zn level (P < 0.001) without affecting digestibility (P = 0.383) and plasma levels (P = 0.267) of Cu ( Table 2 ). The contribution of 500 FTU/kg of feed (Table 3 ) was 0.97 and 0.86 g of digestible P and Ca, respectively, which is slightly above values commonly adopted (e.g., Kies et al., 2006) . The inclusion of 500 FTU/kg of feed contributed 5.6 mg of digestible Zn and drastically increased the plasma Zn level from 0.40 to 0.74 mg/L. The level of 0.40 is far below 0.7 mg/L, regarded as a minimum level by the Dutch Veterinary Health Service. The difference can be explained by the mean Zn content of 45 mg/ kg in experimental diets, which is below the published recommendations (e.g., NRC, 1998). Nonetheless, the results indicate that with the inclusion of 500 FTU of phytase, plasma Zn content reached a level considered as normal. 
Zinc Equivalency of Phytase
In the 3 dose-response studies with incremental dietary Zn content, a plateau in plasma Zn was reached at a Zn content of 78 to 85 mg/kg of diet (Table 4) . At lower dietary Zn contents, the mean increase in plasma Zn was 0.0126 mg/L per milligram per kilogram increase in dietary Zn, as represented by the slopes of the relationship between 0.0114 and 0.0130 (Table 4) . Consequently, the increase in plasma Zn from 0.40 to 0.74 mg/L as realized with 500 FTU (Table 3) would require 27 (0.34/0.0126) mg of Zn from ZnSO 4 without use of phytase.
In conclusion, this meta-analysis indicated that phytase signifi cantly improved Zn availability in pig diets. We estimated that 27 mg of Zn from ZnSO 4 may be replaced by the inclusion of 500 FTU of phytase per kg of diet. This allows a substantial reduction in Zn supplementation of pig diets and a lower Zn excretion into the environment via the manure. 
